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Abstract

This paper describes a method that manipulates the alignment director of a liquid
crystalline sample to obtain anisotropic magnetic interaction parameters, such as dipo-
lar coupling, in an oriented liquid crystalline sample. By changing the axis of rotation
with respect to the applied magnetic field in a spinning liquid crystalline sample, the
dipolar couplings present in a normally complex strong coupling spectrum are scaled
to a simple weak coupling spectrum. This simplified weak coupling spectrum is then
correlated with the isotropic chemical shift in a switched angle spinning (SAS) two-
dimensional (2D) experiment. This dipolar-isotropic 2D correlation was also observed
for the case where the couplings are scaled to a degree where the spectrum approaches
strong coupling. The SAS 2D correlation of C6F5Cl in the nematic liquid crystal I52
was obtained by first evolving at an angle close to the magic angle (54.7◦) and then
directly detecting at the magic angle. The SAS method provides a 2D correlation
where the weak coupling pairs are revealed as crosspeaks in the indirect dimension
separated by the isotropic chemical shifts in the direct dimension. Additionally, by
using a more complex SAS method which involves three changes of the spinning axis,
the solid-like spinning sideband patterns were correlated with the isotropic chemical
shifts in a 2D experiment. These techniques are expected to enhance the interpreta-
tion and assignment of anisotropic magnetic interactions including dipolar couplings
for molecules dissolved in oriented liquid crystalline phases.
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Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of
Health, Bethesda, Maryland 20892-0520
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1 Introduction

Anisotropic interactions, such as dipolar couplings, have long provided a means for ex-

tracting structure from molecules using nuclear magnetic resonance (NMR)[1, 2]. Tradi-

tional structural methods in liquid state NMR measure dipolar couplings via the nuclear

Overhauser effect (NOE) and use this information to solve three-dimensional structures in

isotropic solutions[3, 4]. The NOE method in liquids quantifies the cross-relaxation rate due

to dipolar coupling to extract 1/r6 distance information; methods in solid state NMR are

able to directly measure the dipolar couplings with a 1/r3 dependence [5]. Although struc-

ture determinations using NOEs in isotropic solution have been fruitful, the 1/r6 distance

constraints can be structurally limiting. Ideally, the 1/r3 dependence of dipolar coupling

that is observed in solids could provide valuable structural constraints without the lower res-

olution typically seen in the solid state. The high-resolution observed in liquid state NMR

is the result of isotropic molecular tumbling which averages the anisotropic interactions to

zero. However, in the solid state the lack of isotropic motion gives rise to convoluted broad

lines resulting from the presence of these anisotropic interactions. In oriented liquid crystals,

anisotropic interactions, such as dipolar couplings, are only partially averaged. At least in

simple samples, this partial averaging can provide well resolved, sharp lines that can yield

valuable structural information.

The unique nature of the oriented liquid crystalline phase has provided an interesting

realm for the study of anisotropic magnetic interactions in NMR [6, 7, 8]. These phases are

aligned by an applied magnetic field while the individual molecules tumble about a magnetic

alignment axis called a director and labeled ~n in Figure 1. This molecular tumbling property
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Figure 1: (a) Cartoon of the oriented liquid crystalline sample with the rods representing
the liquid crystal molecules which align the solute molecule C6F5Cl in the direction of the
director ~n. (b) The effect of sample spinning on the oriented sample. The angle θR denotes
the spinning axis angle and η is the angle between the spinning axis and the director.

of liquid crystals yields an environment where anisotropic NMR interactions can be observed

to a reduced degree while maintaining the high resolution found in the liquid state.

Recent advances in the availability of reliable liquid crystalline phases have catalyzed

the measurement of dipolar couplings in routine protein structure determinations where

they are referred to as ‘residual dipolar couplings’[8, 9]. The liquid crystalline systems

commonly used for residual dipolar coupling determinations are intentionally prepared to

only weakly align in the magnetic field. This weak alignment induces only weak dipolar

couplings between directly bonded nuclei that can be easily interpreted as a small splitting

(∼5-10 Hz). This is in contrast to strongly aligned systems where the spectrum becomes

exponentially more complex with an increase in the strength and number of coupled spins.
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However, strongly oriented systems can potentially provide valuable structural information

via measurable couplings from nuclei separated by more than a single bond. If the long

range couplings are measurable despite the increased spectral complexity, they provide strong

geometrical constraints for use in three-dimensional structure determinations. Clearly, it is

beneficial to utilize a more strongly orienting system if possible; however we must make

efforts to simplify and facilitate interpretation of the increasingly complex dipolar coupled

spectrum.

Examples of even simple molecules such as C6F5Cl in a strongly aligned liquid crystal

have observable 19F-19F dipolar couplings on the order of kHz. When the chemical shift dif-

ferences approach the coupling strength of nuclei, the dipolar couplings are no longer readily

observed as splittings but are instead obscured in a complex spectrum such as in Figure 2a.

This obscured spectrum no longer easily reveals the desired 1/r3 structural information.

When strong homonuclear couplings between several nuclei exist, as in Figure 2a, the sys-

tem is termed second order or strongly coupled and is a complex spin system that is difficult

to both interpret and manipulate[5]. Although the dipolar couplings could be determined

from a careful analysis of Figure 2a, determination of couplings in a slightly more complex

spin system (with more spins and lacking symmetry) would be a grueling task. However, if

the dipolar couplings are reduced to values smaller than their chemical shift differences, the

useful structural information can be easily read from the spectrum, as shown in Figure 2b;

this is what is termed a ‘first order’ type spectrum. The challenge in structure determination

is the fact that the structurally important couplings are often weak and masked by shorter

range dipolar couplings; thus we must attempt to introduce couplings as strongly as possible

while maintaining interpretability. Currently, there exist a number of techniques that aid in

4



65 60 55 50 45 40 35 30 25
ppm

30 25 20 15 10 5 -5 -10
ppm

30 25 20 15 10 5 -5 -10
ppm

(a)

(b)

(c)

0

0

50°

54°

Static

Figure 2: 19F spectrum of C6F5Cl in the nematic liquid crystal I52 15% w/w obtained
(a) without sample spinning, (b) with sample spinning at 50◦, and (c) under magic angle
spinning. Spectra are shown in ppm from a reference frequency of 376.086 MHz.
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the analysis and simplification of coupled systems. However, most of them have difficulty

in dealing with second order type systems. One of the most promising groups of existing

methods that are capable of dealing with second order systems are the heteronuclear local

field experiments[10, 11]. Although heteronuclear dipolar couplings provide a first order type

spectrum with the aid of homonuclear decoupling methods, the presence of more than one

coupling can complicate interpretation. In order to keep the interpretation of the dipolar

couplings tractable, their strength must remain minimal. This weak coupling requirement

can often limit measurements to directly bonded atoms providing limited structural infor-

mation in contrast to long range couplings that can yield excellent constraints in structure

determinations.

In an effort to utilize more strongly dipole coupled liquid crystalline samples, several mul-

tiple pulse experiments have been developed which reduce[12] or even eliminate[13] homonu-

clear dipolar couplings to an extent which makes spectral interpretation viable. These meth-

ods perform well even in strongly coupled systems and possess only a modest scaling factor.

Instead of employing RF pulses to reduce dipolar couplings, it is also possible to simplify

dipolar couplings in liquid crystals by reorienting the alignment director whereby the intrin-

sic molecular motion performs the averaging[14, 15, 16, 17]. Director reorientation methods

have no associated scaling factor and work well even in strongly coupled systems.

It has been shown that the alignment of the liquid crystal director can be readily ma-

nipulated with spinning according to the properties of the liquid crystal and the spinning

angle[18, 19]. Depending upon the anisotropy of the diamagnetic susceptibility (∆χ) of the

liquid crystal, the director of the liquid crystalline phase will align parallel or perpendicu-

lar to the spinning axis according to the spinning angle with respect to the magnetic field,
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θR, above a critical spinning rate [16]. For example, in a liquid crystalline sample with

∆χ > 0, as is the case with the sample studied in this work, the director aligns parallel to

the spinning axis in the angle range of 0◦ < θR < 54.7◦ and perpendicular in the range of

54.7◦ < θR < 90◦. Therefore, in the appropriate spinning angle range, the alignment and

thus the averaging of interactions in the sample can be controlled.

These scaled interactions can be assigned in a two dimensional (2D) switched angle

spinning (SAS) experiment where the anisotropic interactions are first evolved at a given

angle, and then the spinning axis is switched to the magic angle for detection of an isotropic

dimension. In this manner the anisotropic interactions of the spins, that can be complex

and difficult to interpret in a 1D mode, are now separated in the second dimension by their

isotropic chemical shifts. Similar to previous work performed in solids [20, 21], in liquid

crystals on first order dipolar couplings [17] and most recently in bicelles [22], the 2D SAS

experiment provides a method for assigning dipolar couplings in liquid crystals using the

isotropic chemical shift. In addition, a method that reveals the anisotropic interactions of

individual spins in the liquid crystalline phase is also presented.

2 Experimental

To demonstrate the ability to scale a second order spectrum of an oriented liquid crystal

sample, the 19F NMR was observed for the small molecule perfluorochlorobenzene (C6F5Cl)

dissolved in a nematic liquid crystal solvent. The second order 19F spectrum of perfluo-

rochlorobenzene (Sigma-Aldrich, St. Louis, MO) 15% w/w in the nematic liquid crystal

I52 (EM Industries, Hawthorne, NY) is shown in Figure 2a. The liquid solute perfluo-
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rochlorobenzene was dissolved in the liquid crystal I52 by slow mixing for 5 minutes. The

liquid crystalline mixture was then placed in a 5 mm outer diameter ceramic rotor with

rubber sealing gaskets[17].

The primary challenge of the experiment described is the ability to switch spinning angles

rapidly during the course of the experiment. A switched angle spinning probe to be described

elsewhere was used to evolve coherences at two angles. The probe used was a modified

Chemagnetics (now Varian, Palo Alto, CA) HX probe fitted with an API Motion (now

Danaher Motion, Washington, DC) stepping motor that was synchronized with the pulse

programmer. The angle switching time in this experiment was 20 ms with a consistent angle

accuracy of < 0.1◦.

The pulse program used to correlate the dipolar couplings with the isotropic chemical

shifts was a modified SAS-COSY type experiment shown in Figure 4. Following an initial 90◦

pulse, the sample evolved while spinning off of the magic angle to allow for dipolar couplings

in t1. The evolved anti-phase magnetization was then converted to in-phase z-magnetization

by a 90x-τ/2-180-τ/2-90−y where τ was constant and approximately 1/(4D) where D is the

average dipolar coupling at the initial spinning angle. The spinning axis was then switched

to the magic angle by triggering the motor controller. A 90◦ pulse was then applied to

observe the isotropic signal. Following t2 acquisition, the angle was switched back to the

initial evolution angle for relaxation.

A second pulse sequence shown in Figure 7 was used to produce an alternate anisotropic-

isotropic spectrum. This correlation was obtained with the liquid crystal directors aligned

perpendicular to the spinning axis in t1 and again with the directors aligned with the magic

angle in t2. In this experiment, spinning sidebands resulting from the time dependent director
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alignment in t1 are correlated with the isotropic chemical shifts.

In the 1D experiments, the acquisition parameters were dwell=30µs, 8192 points giving a

resolution of 4 Hz. The two dimensional experiments directly acquired with the acquisition

parameters as with the 1D experiments and the second dimension having a dwell of 30µs and

1024 points giving a resolution of 32 Hz except for the 2D sideband correlations (θR ≥ 54.7◦)

which had a dwell of 15µs.

The magic angle was calibrated by a fit of the scaling of both the chemical shift and the

dipolar couplings, in combination with the observation of the phase alignment transition (as

evidenced in the spectrum) from parallel to perpendicular to axis of rotation.

3 Results

The motivation for developing methods to simplify and facilitate the interpretation of

molecules in an oriented liquid crystalline phase is clearly shown in the one dimensional (1D)

spectrum in Figure 2a. Although there is some resolution of peaks in the dipole coupled 19F

spectrum of oriented C6F5Cl, the three chemical shifts and ten dipolar couplings are not

readily discerned. With 5 spins in this sample there is upper limit of 210 possible single

quantum transitions (Z1) from the expression[10, 23]:

Z1 =

 2N

N + 1

 =
2N !

(N + 1)!(N − 1)!
(1)

where N is the number of spins-1
2
. While symmetry may reduce the number of single quantum

transitions significantly, many samples of interest do not have this benefit. A complete
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analysis of spectra similar to Figure 2a requires a lengthy fitting routine that only converges

to the correct spectral parameters δaniso, Daniso
ij , and Sαβ with appropriate initial conditions

[24]. However, as the complexity of the spin systems increases, fitting routines become

inadequate particularly when signal exists from multiple species in the spectrum or when

the molecule is not rigid. Thus a spectroscopic alternative is necessary to study samples of

more general interest.

The order parameter, Sαβ, describes the molecular motions of the molecules in the liquid

crystalline phase and can be thought of as representing the average molecular orientation in

the phase. Further details on the orientational order parameter can be found elsewhere[25,

26]. Sαβ is defined by:

Sαβ =
1

2
〈3 cos θα cos θβ − δαβ〉 (2)

where θχ(χ = x, y, z) is the angle between the director and the molecular χ-axis and δαβ is

the Kronecker delta function (1 if α = β, 0 if α 6= β). The dipolar coupling in the molecular

frame is:

DMOL
ij,αβ = −hγiγj

2πr3
ij

(3 cos θij,α cos θij,β − δαβ) (3)

where θij,χ is the angle between the internuclear vector and the molecular χ axis, γi and

γj are the magnetogyric ratios of the two nuclei, and rij is the internuclear distance. The

remaining anisotropic component of the dipolar coupling, Daniso
ij , now depends upon the

order parameter matrix, Sαβ, and DMOL
ij,αβ :

Daniso
ij =

2

3

∑
αβ

SαβD
MOL
ij,αβ (4)
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In the case of C6F5Cl, we assume the molecule is rigid so that rij of Eq. (3) is constant. The

chemical shift in an anisotropic phase is actually the sum of the isotropic and anisotropic

chemical shifts:

δobs = δiso + δaniso = δiso +
2

3

∑
α,β

Sαβδαβ (5)

where δαβ are the elements of the chemical shift anisotropy tensor in the molecule fixed

frame. Normally, both the isotropic and anisotropic J coupling would provide additional

interactions for consideration in the spectral analysis. However, the J coupling was not

observable in these experiments due to line widths resulting from field inhomogeneities and

the anisotropic nature of the solvent. The J couplings have been previously reported as

Jortho,meta = -21.3 Hz , and Jmeta,para = ± 19.9 Hz for the 3 bond J coupling and the longer

range couplings were reported with values ≤ 6.3 Hz [27]. These isotropic J coupling values

should become apparent in the linear fits of the line splitting as a function of spinning angle

discussed later. Although the isotropic J coupling would have an obvious contribution to any

observed splitting, unfortunately, the anisotropic J coupling has a similar functional form as

the dipolar coupling as described below in Eq. (7) and would arise as a systematic error in

our analysis. Aside from the additional considerations the J coupling requires, if the order

parameter can be determined, anisotropic information about the molecules can immediately

be derived from the two observables δobs and (to first order) Daniso
ij from the relationships

in Eqns. (4) and (5). However, as the spin system becomes more complex, assignment is

difficult and these relationships are less obvious.

Instead of employing a brute-force approach to interpretation of a spectrum such as in

Figure 2a, the spectrum can be simplified first into more tractable portions. In addition to
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the scaling of interactions resulting from Sαβ, the anisotropic components of Daniso
ij and δobs

can be further scaled if the director is aligned at an angle θR with the magnetic field[16].

With the liquid crystal directors reoriented, Eqns. (4) and (5) become:

δobs = δiso +
1

2
(3 cos2 θR − 1)δaniso (6)

Dobs
ij =

1

2
(3 cos2 θR − 1)Daniso

ij (7)

This scalability of the anisotropic interactions requires that the director axis is single-valued

with respect to the magnetic field. Since the liquid crystal solvent I52 has the property of

positive magnetic susceptibility anisotropy[28], the liquid crystal director aligns parallel to

the spinning axis at angles 0◦ < θR < 54.7◦[16]. Thus by simply rotating the spinning axis to

50◦ with respect to the applied magnetic field, the dipolar couplings are scaled by the factor

1
2
(3 cos2 50◦−1) , and a first order type spectrum is obtained. This reduction of strong second

order dipolar couplings to simple first order couplings is readily seen in Figures 2a and 2b.

At a spinning angle of 50◦, the measured splittings are 250 Hz for the ortho-meta coupling

and 195 Hz for the two meta-para couplings. Although scalar couplings could contribute to

the observed splittings, the three bond scalar couplings were not observable, as shown in the

isotropic spectrum of Figure 2c. In addition, the dipolar splitting of the single 19F of the

solvent liquid crystal was also observed with a splitting of 1085 Hz (not shown in Figure 2).

Figure 2c demonstrates how a second order spectrum can be reduced to an isotropic

spectrum by spinning at the magic angle. With the nematic director aligned at the magic

angle, the sample spinning provides the appropriate mechanism to align the liquid crystal

director, and it is actually the uniaxial motion of the liquid crystal about the magic angle
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that averages the dipolar couplings to zero. Since the liquid crystal motion is much faster

than the 4.5 kHz spinning speed, the effectiveness of the averaging is much greater than

could be obtained with spinning of a solid crystalline sample.

The observed ortho, para, and meta 19F isotropic chemical shifts of perfluorochloroben-

zene in I52 are 0.0, 5.1 and 20.5 ppm with intensity ratios of 2:1:2 referenced to 376.073058

MHz on a spectrometer where TMS (tetramethylsilane) 1H resonates at 399.74179 MHz. The

isotropic shifts reported were obtained from Figure 2c where the sample’s director is oriented

at the magic angle. In addition to the isotropic resonances, small peaks appear in the spec-

trum that are due to spinning sidebands[29] occurring at the spinning frequency (ωR). The

spinning sidebands are the result of domains that are not aligned with the spinning axis and

their anisotropic interactions then become time dependent with the rotor frequency. Due

to the 1
2
(3 cos2 θR − 1) dependence of the aligning force, at exactly the magic angle, there

is no favorable alignment direction[15]. Thus some liquid crystal domains begin to form a

random powder-type alignment which results in spinning sidebands. These sidebands can

be avoided by spinning at the magic angle for short times or at angles near the magic angle

(< 0.5◦ away).

Figure 3 demonstrates the scalability of the dipolar couplings from second order to first

order and ultimately to the isotropic spectrum. The isotropic spectrum obtained at 54◦ has

the resonances indicated with arrows to the perfluorochlorobenzene molecule. The resonance

furthest downfield arises from a single 19F in the I52 liquid crystal solvent. Although this

background solvent resonance has a measurable splitting at angles near the magic angle, the

peak quickly broadens and shifts out of the spectral window to be folded into the opposite

side causing a rolling baseline. The broadening of this peak is not the result of couplings to
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the perfluorochlorobenzene but is instead the result of couplings to the numerous protons in

the I52 liquid crystal molecules. Of more interest is what happens to the resonances from

the perfluorocholorbenzene.

Examining the first order data in the angle range of 54◦ to 45◦, we are able to extract some

information about the anisotropic interactions. However, even in a 1D first order analysis,

it is difficult to accurately assign the overlapping first order couplings. The dipolar coupling

of the ortho peak suggests that |Daniso
ortho,meta|=2143 Hz with an RMSD of 8 Hz as determined

from a fit of the 1D first order doublet splitting to Eq. (7) which is a function of P2(cos θR),

where P2(cos θR) = 1
2
(3 cos2 θR − 1) is the second order Legendre polynomial. This linear

fit has a intercept which corresponds to zero dipolar coupling of 18 Hz which is close to the

isotropic J as was reported previously [27]. The meta and para fluorines were both pseudo-

triplets; thus it is difficult to accurately determine the two different couplings present from

a simple first order analysis. The 2D experiments described below will demonstrate how a

second dimension helps to separate even these simple first order splittings. In addition to

the perfluorochlorobenzene 19F , the liquid crystal 19F first order dipolar splittings could

also be fit as a function of P2(cos θR) to give |Daniso
LC |=9885 Hz with an RMSD of 50 Hz.

In a similar fashion as with the dipolar couplings, the chemical shift could also be fit using

Eq. (6) to give δiso and δaniso. The anisotropic contributions to the shift , δaniso, from the 1D

data were fit to Eq. (6) to give the following values with the RMSD values in parentheses:

δaniso
LC =12805 (62), δaniso

ortho=10045 (49), δaniso
para =12102 (59), and δaniso

meta =10573 (52) Hz. The

isotropic shift values from the intercept of this fit were: δiso
LC 16332, δiso

ortho=7713, δiso
para=1921

and δiso
meta=0 Hz. These values will be addressed again and compared to the results from the

2D correlations. As mentioned earlier, any significant anisotropic J coupling contribution
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Figure 3: 19F 4 kHz spinning spectra of perfluorochlorobenzene in I52 with the spinning axis
at the angle, θR, relative to the field as indicated in the figure.
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Figure 4: SAS-COSY pulse sequence used in Figures 5 and 6. The upper half shows the
radiofrequency pulses with the narrow blocks representing a 90◦ pulse and the wider block
representing a 180◦ pulse. The lower half shows how the spinning angle, θ , changes during
the pulse sequence with direct detection at the magic angle (54.7◦).

would cause a systematic error to the fit of the anisotropic dipolar coupling, in addition,

angle errors due to inaccuracies in the motor controller system could also introduce errors

in the linear regression data.

Couplings to 19F beyond the nearest neighbor 19F become apparent at angles smaller than

∼50◦. At spinning angles of ∼40◦, the spectral complexity begins to make interpretation

difficult. Using the angle analysis of Figure 3 the spinning angles of 50◦ and 40◦ were selected

to study in a SAS-2D mode with hopes that they would provide an example of both first-

and second order couplings correlated with an isotropic dimension.

3.1 2D Dipolar-Isotropic Correlations (θR ≤ 54.7◦)

The goal of this work was to examine how an isotropic dimension might provide addi-

tional information in what are inherently strongly dipolar coupled systems using a SAS-2D

correlation. In this simple sample we wish to demonstrate the feasibility of observing cross-

peaks to facilitate dipolar coupling assignments. Using the pulse sequence of Figure 4 on the

same sample as shown in Figure 2, C6F5Cl in I52, the first order 2D correlation of Figure 5

was obtained. The angle θR for the initial dipolar evolution was set to 50◦ to scale the
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couplings sufficiently to obtain a readily interpretable first order spectrum. In Figure 5 the

observed crosspeaks of different spins reveal not only the coupled spins but also the coupling

values in a clearly separated manner. The furthest downfield ortho 19F has an observable

crosspeak only with the upfield meta 19F, and the single midfield para 19F has an observable

crosspeak to two neighboring meta 19F. The para-meta crosspeaks are not as strong due to

the one-half intensity of the para peak; however the cross-peak on the right of the spectrum

clearly shows the expected +/- pattern. The +/- pattern of the crosspeaks results from

the modulation of the transferred coherence as sin(Dt1) instead of the familiar in phase

cos(Dt1). The sign difference also helps to clearly separate the two overlapping doublets of

the meta and para 19F which are difficult to distinguish in the 1D spectrum. By utilizing the

separation provided in Figure 5, the observed couplings at the crosspeaks were determined

to be Dobs
ortho,meta = 272 and Dobs

meta,para = 181 Hz. The measured value of Dobs
ortho,meta from

the 2D data spectrum is within experimental error of the linear predicted 1D data. Since

only the Dobs
ortho,meta was readily measurable from the 1D data we do not compare the value

of Dobs
meta,para.

Another notable point in Figure 5 is the fact that there is a slight shift from the isotropic

chemical shift values in the indirect dimension due to the non-zero contribution from the

chemical shift anisotropy according to Eq. (6). By comparing the resonance frequencies of

the diagonal peaks in the isotropic and anisotropic dimensions, the CSA contributions were

fit to Eq. (6) to give values within the error of the measurements from the 1D data. Although

the isotropic shift, δiso, was directly determined from the isotropic dimension, the values were

identical to those fit in the previous section and observed in Figure 2c. In combination with a

quantitative determination of the order parameter of the liquid crystalline phase, structural
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Figure 5: 19F SAS-COSY 2D spectrum of C6F5Cl in the liquid crystal I52 obtained with the
pulse sequence of Figure 4. The sample was spinning at 4 kHz and switching angles (θR)
from 50◦ in ω1 and the magic angle in ω2.
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Figure 6: 19F SAS-COSY 2D spectrum of C6F5Cl in the liquid crystal I52 obtained with the
pulse sequence of Figure 4. The sample was spinning at 4 kHz and switching angles (θR)
from 40◦ in ω1 and the magic angle in ω2.

information could be obtained readily from the CSA and dipolar couplings as determined

from the crosspeaks in this method. Overall, Figure 4 successfully assigns the first order

couplings to the appropriate isotropic chemical shifts.

Although the analysis of the first order couplings could be easily assigned in Figure 5,

the correlation of the second order spectrum obtained at 40◦ with the isotropic spectrum,

shown in Figure 6 demonstrates how rapidly the spectrum becomes difficult to interpret.

Again, using the pulse sequence of Figure 4, the characteristics of the first order spectrum

19



can clearly be seen as a doublet and two triplets with some sub-structure due to coupling

beyond the nearest neighbor 19F. This can be seen directly by the appearance of additional

crosspeaks where there were previously none in the first order correlation; however it is

difficult to quantitatively determine the strength of all of the couplings in the sub-structure.

Although the value of τ could easily be adjusted to emphasize a particular strength coupling

in the correlation, we instead used a value determined by the average of the three largest

perfluorochlorobenzene couplings.

Adding to the difficulty in the interpretation of the crosspeaks is a phase distortion

which most likely arises because of ill-defined pulse angles due to the near second order type

coupling system[5]. It should be noted that the 1D spectrum shown at the top of the 2D

contour plot is not a projection but instead is the 1D spectrum obtained under the SAS-2D

conditions. However, in both the first order and second order 2D correlations, the indirect

evolution is clearly separated by each of the isotropic chemical shifts.

3.2 2D Sideband Correlations (θR ≥ 54.7◦)

The previous section described a method for obtaining correlations where the director

alignment is maintained parallel to the spinning axis while the director is manipulated be-

tween the magic angle and 0◦. However, the director alignment in this liquid crystal can also

be reoriented to the perpendicular phase via spinning the sample at angles 54.7◦ < θR < 90◦

to provide spinning sidebands of the anisotropic interactions as shown in Figure 8a. In this

spectrum the spinning sidebands of the 19F appear at 2ωR for all of the resonances. The

spectrum demonstrates how the directors of the sample have oriented at 90◦ with respect
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to the spinning axis, and the signal is modulated according to Eq. (8). Instead of a simple

scaling of the interactions with a change in θR as in Eq. (7), the signal now has a time

dependence of the form [30, 31]:

S(t, θR, η, ψ, ωR) ∝ 1

2
(3 cos2(θLab(t))− 1)

∝ 1

4

(
3 cos2 θR − 1

) (
3 cos2 η − 1

)
+

3

4
sin2 θR sin2 η cos(2ωRt+ 2ψ)

+
3

4
sin 2θR sin 2η cos(ωRt+ ψ) (8)

which for θR=54.7◦ reduces to:

S(t, θR, η, ψ, ωR) ∝ +
1

2
sin2 η cos(2ωRt+ 2ψ)

+
1√
2

sin 2η cos(ωRt+ ψ). (9)

Thus, when spinning this sample at an angle slightly larger than the magic angle, η changes

from zero to 90◦, the cos(ωRt) vanishes, and all of the anisotropic interactions are modulated

by cos(2ωRt) and scaled by a factor of 1
6
. Then interactions can be determined from the

analysis of the sideband intensities in a manner similar to that used in the solid state[32].

However, the sidebands tend to overlap, making this type of analysis difficult.

A method to aid in resolving the overlapping sidebands of Figure 8a would be to correlate

a spinning sideband spectrum with an isotropic spectrum in a SAS experiment similar to

the one described in the previous section. In order to perform this type of experiment the

directors must be reoriented parallel to the spinning axis to yield an isotropic dimension.
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Figure 7: Director reorienting pulse sequence which first evolves with the directors aligned
perpendicular to the spinning axis in t1 near the magic angle and then with the director
parallel to the spinning axis in t2 also near the magic angle. The horizontal dashed line
represents θR = 54.7◦.

Assuming the director reorientation is rapid, this can be accomplished by the SAS experiment

shown in Figure 7. The experiment begins with the directors aligned perpendicular to the

spinning axis, and t1 is evolved. Then the angle is switched to 50◦ to rapidly orient the

directors parallel to the spinning axis. Finally, the angle is switched again to slightly less

than the magic angle to observe the isotropic spectrum for the direct t2 dimension. Following

acquisition, the spinning axis is switched back to 55◦ for relaxation and reorientation to the

perpendicular phase. The perpendicular t1 evolution is obtained at an angle of 55◦ to keep

resonances sharp since they otherwise broaden due to other terms arising from a non-zero

value of P2(cos θR).

The 2D correlation obtained using the sequence of Figure 7 is shown in Figure 8b. The

sideband patterns are clearly separated by their isotropic chemical shifts. Now the anisotropic

information encoded in the sidebands can be fit easily. However, the anisotropic information

is actually a combination of CSA and dipolar couplings as scaled by the factor P2(cos θR)

and modulated according to Eq. (9). In order to separate the contributions from these two

interactions, RF pulses could be applied during the t1 evolution to refocus the chemical shift.

22



20 10 0 -10 -20
KHz

-1
0

-5
0

5
10

K
H

z

20 10 0 -10 -20
KHz

20 10 0 -10 -20
KHz

(a)

(b)

Figure 8: (a)The 1D perpendicular phase spinning sideband spectrum with θR=55◦. (b) 2D
SAS isotropic-sideband correlation generated with the pulse sequence in Figure 7.
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Alternatively, a homonuclear decoupling sequence such as Lee-Goldburg[33] could be applied

to remove the homonuclear couplings and leave the chemical shift. Although no separation

of the anisotropic interactions was performed, the sideband-isotropic correlation principle is

demonstrated in Figure 8b. To the right of the 2D contour plot are 1D slices showing the

sideband patterns for each spin. The furthest downfield resonance again corresponds to the

liquid crystal background and has significantly more intensity than the three resonances from

the perfluorochlorobenzene. In this case we expect many sidebands for all of the resonances

in the sample due to the presence of both large dipolar couplings as well as large 19F CSAs.

Although this 2D correlation is of limited use in the case of this sample, quantitative

determination of the CSA could be performed for samples containing natural abundance 13C

under 1H decoupling where only the CSA contributes to the sideband pattern. This type of

experiment could prove extremely valuable for samples such as 13C labeled proteins where

the CSA could aid in structure determination [34, 35, 36].

4 Conclusions

With experimental ease, the second order dipole coupled spectrum can be reduced to

a first order spectrum, and then the couplings can be assigned via their isotropic chemical

shifts. This method takes the laborious task of assigning the numerous peaks in the second

order spectrum and reduces it to the simple task of reading off crosspeaks in the 2D SAS

correlation. Some would argue that much of the valuable structural information has been lost

by reducing the couplings to first order; however this method has the flexibility to perform

as much or as little averaging as the experimenter desires. By performing a SAS correlation
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between 0◦ and the magic angle, all of the spectral complexities of the non-spinning case

may be recovered.

These methods are applicable to many types of liquid crystals whether they are strongly

or weakly oriented, and it is not limited to liquid crystals whose directors can be aligned with

sample spinning. For example, samples that achieve alignment through polymer alignment

can simply be reoriented by moving the polymer alignment axis [19] in order to correlate

dipolar couplings in a wider variety of samples. In addition, this method can be implemented

to study more complex spin systems with a degree of flexibility that greatly facilitates spectral

analysis. There exist several possible opportunities to utilize switched angle correlation

experiments to obtain valuable structural insight into aligned samples.

Implementation of the techniques described here may be beneficial for the interpretation

of dipolar couplings and CSAs in liquid crystalline phases. A technique where correlations

are performed at successively smaller angles would provide insight into the details of how a

first order spectrum transitions into a second order spectrum.

A further application of this technique is to explore more interesting systems. Although

the sample investigated here is a relatively simple one, recent demonstrations with oriented

bicelle phases[22, 37] indicate that this method could be applied to more challenging systems

such as membrane proteins. This technique could provide the great benefit of maintaining

the isotropic chemical shift for assignment while having the flexibility to scale the dipolar

couplings for optimal structural interpretation in a single sample.
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